Keywords: attention deficit hyperactivity disorder; ADHD; interleukin-1 receptor antagonist gene; transmission disequilibrium test Attention deficit hyperactivity disorder (ADHD) is a common neurodevelopmental disorder, where family data support substantial heritability. 1 To date, association studies focussed mainly on genes regulating dopaminergic neurotransmission. 
ADHD is an idiopathic childhood onset neurodevelopmental disorder characterized by inattention, hyperactivity and impulsivity. Heritability estimates derived from twin data range from 0.6 to 0.9, although the mode of inheritance and genetic validity of alternative phenotype definitions require further research. 1 To date, genetic association studies have focussed on dopaminergic genes with some replicated findings. 2 In the current study, we set out to investigate a role for a functional polymorphism in the gene encoding IL-1Ra in the predisposition for ADHD, based on the following considerations. IL-1Ra is an endogenous antagonist at IL-1 receptors which are distributed in the brain, serving to balance IL-1 agonist action. 7 Recent evidence supports cytokine involvement in brain processes outside the realm of their classical role in inflammatory responses. 8, 9 IL-1␤ and IL-1Ra are constitutively expressed in the adult brain, and their roles in maintaining neural plasticity, neuroprotection, and response to non immune stressors, as well as putative involvement with psychiatric disorders such as major depression have been recently reviewed. 10 In addition, there is evidence which may bear potential implications linking central IL-1 activity with ADHD pathogenesis. IL-1␤ has been shown to modulate neuronal and glial cell growth during prenatal brain development in the human and rat brain 9 and plays a key role as a differentiation factor promoting maturation of mesencephalic progenitor cells into dopaminergic neurons. 3, 4 Genetically determined differences in IL-1 Ra activity may result in altered dopaminergic neuronal differentiation during neural development, which may in turn bear direct relevance to altered dopaminergic reactivity implicated with the pathophysiology of ADHD. IL-1 beta has been shown to modulate the release of dopamine and norepinephrine in several brain regions. 5 Genetic variability in central modulation of monoamine activity may be relevant to the phenotypic expression of ADHD symptomatology. A polymorphic site with five allelic variants comprising of two to six copies of an 86-base pair tandem repeat, has been described in the second intron of the gene encoding IL-1Ra. 6 Allelic status at this VNTR has been shown to correlate with plasma IL-1Ra levels 11 and with in vitro mononuclear cell production of IL-1␤, 12 suggesting a functional significance. Previous studies did not find association of this polymorphic site with neurologic and psychiatric disorders, including Alzheimer's disease, 13 multiple sclerosis, 14 and schizophrenia, 15 but report some indication for its possible role as a course modifier in these disorders. Given the above rational, we sought to examine a role for IL-1Ra gene in the predisposition for ADHD.
We studied 86 children with ADHD and their parents. Of these, 85 children and 134 parents from 76 families, were included in the haplotype-based haplotype relative risk (HHRR) analysis, employed for relative risk calculations, and 58 children from 49 families, and 63 informative parents, were available for the TDT analysis. As shown in Table 1 , transmission disequilibrium analysis showed significant evidence for biased transmission of the two frequent IL-1Ra VNTR alleles in our sample. Increased transmission was observed for the 4-repeat allele. Of 71 informative transmissions, the 4-repeat allele was passed 44 times to affected children, compared with 27 times that it was not passed (allele-wise TDT 2 = 4.07, P = 0.04). Decreased transmission was observed for the 2-repeat allele. Of 63 informative transmissions, the 2-repeat allele was passed 23 times to affected children, compared with 40 times that it was not passed ( 2 = 4.59, P = 0.03). The IL-1Ra 4-repeat allele was associated with a significantly increased risk for ADHD ( 2 = 4.46, df 1, P = 0.035, RR = 1.292, 95% CI 1.01-1.66). The IL-1Ra 2-repeat allele was associated with a significantly decreased risk for ADHD ( 2 = 4.65, df 1, P = 0.03, RR = 0.763, 95% CI 0.59-0.98).
These findings support a small but significant contribution of the IL-1Ra VNTR to susceptibility to ADHD. The IL-1Ra 2-repeat allele has been previously found to associate with higher plasma levels of IL-1Ra in normals 11 as well as with increased in vitro production of IL-1␤ by mononuclear cells. 12 While these findings suggest a functional significance, it is unclear if this is directly related to IL-1Ra VNTR alleles or reflects linkage disequilibrium with a functional locus near by. In addition, possible functional associations of the IL-1Ra gene with brain cytokine levels, and neural differentiation, have not been studied to date, and extrapolation from associations with peripheral mononuclear cell activity to putative CNS effects, is inherently limited.
Direct testing of a functional association for IL-1Ra with ADHD, may be served by examining ADHD subjects carrying different IL-1Ra alleles for a variant clinical profile, CSF studies documenting differential catecholamine metabolite levels, and brain imaging studies employing dopaminergic radioligand binding documenting correlates of differential dopaminergic neurotransmission, or differential dopaminergic innervation maturation patterns at different age groups. While plasma IL-1Ra levels can be easily assayed and correlated with ADHD symptomatology, interpretation of such an indirect measure should consider the possibility that central activity, and previous effects on developmental brain changes may be more relevant than state peripheral levels. 
Molecular Psychiatry
Previous data suggest that the simultaneous evaluation of allelic status at IL-1␤ and IL-1Ra genes may show cooperative effects. 11 Investigation of other polymorphic sites in the IL-1 gene cluster, including IL-1␤, IL-1␣, and IL-1 receptor genes for interdependent associations with ADHD, may be informative.
To conclude, our findings support a small but significant contribution of the IL-1Ra VNTR to ADHD susceptibility. The 4-repeat allele was associated with increased risk, whereas the 2-repeat allele was associated with reduced risk for ADHD in our sample. Replications confirming this finding in independent patient samples employing a similar design are needed. If replicated, our results raise the heuristic possibility that brain cytokines are involved in the pathogenesis of genetically determined neurodevelopmental alterations in childhood ADHD.
Methods
Probands were ascertained through the Child Neurology clinic at Share Zedek Medical Center, and the Child Psychiatric clinics at the Hadassah Medical Center, and Tirat-Carmel hospital. Children thought to have ADHD and their consenting biological parents were entered into the study assessment protocol. Eighty-six children with ADHD and their biological parents were recruited. Of these, 58 were independent triads, nine had two affected children, and 19 were diads. Subjects were between 6 and 17 years of age (mean ± SD 11 ± 2.8), and met DSM-IV criteria for one of the three subtypes of ADHD (inattentive, hyperactive-impulsive, or combined). Subjects underwent medical and neurological and psychiatric evaluation and were excluded if they had a history of neurological or chronic medical illness, affective or psychotic disorder, Tourette's syndrome, or pervasive developmental disorder. Subjects were excluded if they scored below 85 on both the performance and verbal scales, or the full Wechsler Intelligence Scale for Children, 3rd edition, 16 or attended special schooling. Information from parents was obtained through semi-structured interviews, aided by the Conners Parent and Teacher Rating Scales Revised. 17 Children were assessed using the Kidi-Schedule for Affective Disorders and Schizophrenia (K-SADS) questionnaire, 18 and a DSM-IV item Checklist of ADHD. The study was approved by the Internal Review Board (Helsinki Committee) of the Hadassah-Hebrew University Medical Center and all subjects gave written informed consent.
DNA was extracted from fresh whole blood samples anticoagulated with EDTA, using Boehringer Mannheim DNA extraction kits for mammalian blood (Mannheim, Germany). The IL-1Ra intron 2 VNTR was genotyped as previously described. 6 TDT analysis 19 was performed using the TDT-STDT Program 1.1 available from the Spielman lab site: http:spielman07.med.upenn.edu.
Haplotype-based haplotype relative risk (HHRR) was calculated according to Terwilliger and Ott.
